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A B S T R A C T
This paper presents new data concerning the geochemistry and distribution of the Bi-Be-Mo-Cd-Pb-Nb-Ga, and
REY in the Panyi, Xieqiao, Xinji, Zhuji, and Zhuji Xi coals of the Huainan Coalﬁeld. The results indicate that the
Huainan bituminous coals were characterized by medium ash yields and low to medium sulfur contents. The
mineral assemblage present in the Huainan coals is mainly made up of quartz, kaolinite, pyrite, and calcite. The
minerals, ash yield, sulfur contents, volatile matter contents, Sr/Ba, SiO2/Al2O3, and (CaO+MgO+Fe2O3)/
(SiO2+Al2O3) ratio varied signiﬁcantly in the Huainan Coalﬁeld, which are attributed mainly to vertical
variation in the depositional environment. These coals contain high contents of Ga, Nb, Mo, Be, Pb, Ba, SiO2,
Fe2O3, TiO2, CaO, Na2O, Al2O3, MnO, K2O, and MgO, especially in the marine-inﬂuenced environment coals. The
average contents of Ga, Nb, Mo, Be, and REY are higher than those of world-wide bituminous coals, thus a
hidden treasure is a yet to-be-realized new economic potential. The Bi, Be, Mo, Nb, Ga, and REY have mixed
organic-inorganic aﬃnity, while Cd and Pb mainly have an organic aﬃnity in the Huainan coals. Compared to
the average Chinese coals, the REY are enriched in the Panyi, Xieqiao, and Xinji coals, slightly lower in the Zhuji
coals and depleted in the Zhuji Xi coals. Compared to the upper continental crust, REY in the Huainan coal
samples has medium-REY and light-REY enrichment. The average concentration of oxides (ash basis) of the rare
earth elements and Y in the Panyi (on average 1120.3 μg/g), Xieqiao (1287.7 μg/g), Xinji (1148.7 μg/g), and
Zhuji (1025.1 μg/g) coals are higher than the cut-oﬀ grade for industrial deposits of these elements and thus, the
Huainan coals are considered as raw materials for the recovery of rare earth elements.
1. Introduction
Coal deposits containing high abundances of Ga, Ge, Li, Sc, Hf, Nb,
Bi, Be, Ba, Ta, and REY have attracted signiﬁcant attention in recent
years as a possible new source for the extraction of these rare metals
(Arbuzov et al., 2014; Seredin and Dai, 2012; Sun et al., 2012b, 2014;
Vaskula, 2016; Zhang et al., 2016), which are an important source of
raw materials in various high-technology applications (Sun et al., 2013,
Sun, 2015). Trace elements, such as arsenic, Be, Cd, Cr, Mo, Nb, Cd, and
Pb in the coal are condensed and adsorbed in the ﬂy ash due to coal
combustion in coal ﬁred power plants. Unfortunately, coal production,
utilization, and waste disposal cause various environmental problems
such as emission of certain trace elements (including Be, Cr, Mo, Cd, As,
Se, Zn, and Pb), greenhouse gases (Ashley et al., 2003; Fang et al., 2014;
Finkelman, 1999; Flues et al., 2013; Fu et al., 2013; Jaishankar et al.,
2014; Munir et al., 2018; Ribeiro et al., 2013; Streets et al., 2018;
Wagner and Hlatshwayo, 2005) and exposure to these elements result
in a wide range of health problems, such as cancer, cardiovascular
diseases, peripheral neuropathy, neurological illness, kidney disease,
encephalopathy, and impaired cognitive function even at low-con-
centrations (Ali et al., 2017; Dai et al., 2014a; Qi et al., 2007; Sia and
Abdullah, 2017). According to several studies, coal combustion caused
severe human health problems such as endemic ﬂuorosis, arsenosis,
selenosis, and lungs cancer in China (Dai et al., 2012a, 2004; Diehl
et al., 2012; Ding et al., 2011; Xiong et al., 2017).
Previously conducted studies results showed that the concentrations
and distributions of trace elements in organic and inorganic compo-
nents impact the quality of coal combustion by-products (Alastuey
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et al., 2001; Liu et al., 2016; Mardon and Hower, 2004; Qi et al., 2007;
Singh et al., 2015; Tang et al., 2009; Ward, 2016). Some valuable ele-
ments (e.g. Al, Cs, Nb, Zr, Ga, Li, Rb, Y, Ge, U, Ag, Au, and Pb) can be
signiﬁcantly enriched in coals or in coal-bearing strata, reaching levels
equal to or even higher than their concentrations in the respective ores
(e.g. Dai et al., 2017a,b; Finkelman and Tian, 2017; Seredin and Dai,
2012; Sun, 2015; Zhao et al., 2017). Several elements, such as V, B, Br,
Mo, Rb, Ga, and U are generally enriched in coals deposited in the
marine-inﬂuenced environment (Liu et al., 2015; Shao et al., 2003;
Song et al., 2014; Swaine and Goodarzi, 2014), due to the higher
contents of these elements in the seawater than fresh water. While
siliceous rocks are also enriched in elements such as Mo, Cr, V, U, and
Se (Jiang et al., 2015; Tian et al., 2014; Yao et al., 2015). Dai et al.
(2014c) proposed that Nb, Ga, Mo, and Ta are elevated in several
Chinese coals, up to the point that ashes from some of the coals may be
considered as potential starting materials. These elements with im-
portant technological applications, widely used, for example, in elec-
tronics (White and Shine, 2016), and consequently have high economic
values (Li et al., 2014b; Zhao et al., 2017). The rare earth yttrium (REY)
mode of occurrences, distribution, and geochemical parameters are
used as geochemical indicators and origin of coal accumulating mate-
rials (Jiang et al., 2016; Wang et al., 2012; Zhuang et al., 2012). The
Fig. 1. (A) Location of the Huainan coalﬁeld and main coal mines in this area (sampling sites labeled with colored dots), (B, C) Stratigraphic column and lithological characteristics of
coal-bearing sequence in the Huainan coalﬁeld, Anhui province, China.
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potential economic value of REY in coal attracted much attention (Tang
et al., 2009; Wen et al., 2013). Therefore, many researchers studied REY
geochemistry of diﬀerent coals (Chen et al., 2014; Dai et al., 2014b;
Finkelman and Tian, 2017; Ketris and Yudovich, 2009; Liu et al., 2009;
Seredin et al., 2013; Sun et al., 2016; Zhao et al., 2012). Rare earth
elements in coals have some special geochemical properties i.e., che-
mical stability and inﬂuence from metamorphism (Arbuzov et al., 2014;
Saha et al., 2016). The nature of the sediments source region, located on
the edges of the coal basin, is the dominant factor inﬂuencing the
concentrations of trace elements and minerals in the coal (Dai and
Finkelman, 2017a; Karbowska, 2016; Ribeiro et al., 2013; Sundaray
et al., 2011). REY reserves are higher in the Chinese coals, compared to
the world coals (Chen et al., 2016; Fu et al., 2016; Liu and Xu, 2017;
Zhao et al., 2007). However, the REY consumption and utilization is
increasing with the economic development of China. Some coals are
abundant in heavy REYs (HREYs) compared to light REYs (LREYs) (Dai
et al., 2016; Eskenazy, 2009; Ward et al., 2001; Zhao et al., 2017),
whereas some are enriched in LREYs (Seredin et al., 2013). REY pat-
terns in coals are distinguished in N-, L-, M- and H-types (Ketris and
Yudovich, 2009; Zou et al., 2017, 2014). Diﬀerent coal seams have
variable REY contents within same coal mine due to diﬀerent deposi-
tional microenvironments (Sun et al., 2016). It is generally considered
that mineral matters are the primary source of REYs association, al-
though some are organically bounded, with HREYs having greater or-
ganic aﬃnity than LREYs (Chen et al., 2016; Gürdal and Bozcu, 2011; Li
et al., 2013; Qin et al., 2015; Tessier et al., 2014; Ward, 2002; Zhuang
et al., 2012).
The smoothness of a normalized (Upper Continental Crust, UCC;
North American Shale Composite, NASC or Post-Archean Australian
Shale, PAAS) and REY distribution patterns provide a reliable basis for
testing the REY quality of coals and sedimentary rocks (Ketris and
Yudovich, 2009). The EuN/EuN ratio (EuN is the ratio of the Eu con-
centration in the samples vs. the Eu concentration in the UCC) is
commonly used to quantify decoupling of Eu from the other REYs
(Jiang et al., 2016; Liu and Xu, 2017), and produces Eu anomalies ei-
ther positive or negative in the REY distribution patterns. Eu anomalies
in coals are not originated from weathering processes or during metal
transportation, but inherited from rocks within the sediment source
region (Dai et al., 2016, 2014a; Fu et al., 2013; Sutcu and Karayigit,
2015; Wang et al., 2016a, 2015) and aﬀected by high-temperature
hydrothermal ﬂuids (Diehl et al., 2012; Zhang et al., 2004). The ratio of
(CeN/CeN) provides the basis to quantify redox-related decoupling of Ce
from the REYs and produces Ce anomalies either positive or negative in
REY distribution patterns (Chen et al., 2015b; Long and Luo, 2017;
Wang et al., 2008). Coal is composed of sedimentary rock of inorganic
(ash contents) and organic constituents (macerals). The coal formation
from various types of vegetation marking varying degrees of deposi-
tional history with respect to burial time and temperature which leads
to an highly variable organic material present in coal (Sen et al., 2016;
Sun et al., 2017; Xie et al., 2015). These solid components are classiﬁed
into the maceral groups of liptinite, vitrinite, and inertinite. Vitrinite is
derived from woody plant tissues and cell walls and includes the
macerals telinite and collinite. Inertinite originated through wildﬁres in
the middle Permian coals and characterized by a higher reﬂectance,
degree of aromatization in the structure, and relatively low hydrogen
than the associated vitrinite and liptinite macerals (O’Keefe et al., 2013;
Sun et al., 2017). While liptinite is originated from resinous and cuticles
parts of the plant and characterized by a high hydrogen contents.
The mineralogy and geochemistry of trace and REY elements in the
Huainan coals are of special concern recently, not only because of the
special academic signiﬁcance but also of the anomaly of some elements
with industrial potentials. In this paper, new data and evidence for Bi,
Be, Mo, Ga, Ba, Nb, Sr elements and REYs enrichment were obtained in
the Panyi, Xieqiao, Xinji, Zhuji, and Zhuji Xi coals in the Huainan
Coalﬁeld.
2. Geological setting
The Huainan Coalﬁeld is situated in the southeast of the North
China basin which is the largest coal-bearing basin in China and has an
area extent of 800,000 km2 (Sun et al., 2017). Huainan coalﬁeld covers
a total area of 3200 km2 (mean width of 15–25 km and an elongated
ﬁeld with the average length of 180 km) (Fig. 1A). Cenozoic sedimen-
tary strata overlie the main coal-bearing sequences of the Permo-Car-
boniferous age with a thickness of 200–500m. The overall shape of the
coal deposit is synclinorium within two long faults extending along
NWW direction.
The data from previous 88 drillholes showed that there are twenty-
eight coal seams of Permian age and nine coal seams of the Late
Carboniferous age (Fig. 1B) (Fu et al., 2016; Sun et al., 2014). The
Taiyuan Formation with a thickness ranging from 112 to 114m in the
upper part of the Carboniferous comprises 7–9 thin, unworkable coal
Fig. 2. Variation of Sr/Ba through the coal seams of Huainan coalﬁeld.
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Table 1
Proximate, vitrinite random reﬂectance (%), and major element oxides (%) in coals from the Huainan Coalﬁeld (on a whole coal basis).
Coal seams Ad Vdaf St, d Ro,ran SiO2 Al2O3 Fe2O3 TiO2 CaO MnO K2O Na2O MgO SiO2/Al2O3 Al2O3/TiO2 k-Value Al2O3/Na2O TiO2/Al2O3
PY-9-2 19.93 27.23 0.64 0.51 10.14 5.86 2.30 0.29 0.15 0.04 0.15 0.11 0.67 1.73 20.4 0.17 53.25 0.05
PY-9-1 20.57 34.74 0.71 0.66 6.41 6.40 2.02 0.31 0.25 0.05 0.16 0.07 0.38 1.0 20.4 0.18 91.36 0.05
PY-8 22.49 33.04 1.11 0.5 7.27 7.57 2.33 0.47 0.21 0.02 0.13 0.08 0.83 0.96 16.05 0.20 94.67 0.06
PY-7-2 21.56 28.85 1.07 0.62 8.41 7.16 2.80 0.61 0.26 0.03 0.24 0.13 0.29 1.18 11.79 0.19 55.06 0.08
PY-7-1 22.23 31.74 1.21 0.56 7.63 6.69 2.06 0.49 0.27 0.05 0.21 0.12 0.63 1.14 13.7 0.18 55.77 0.07
PY-6-2 21.42 30.28 0.89 0.75 7.30 7.61 1.96 0.64 0.09 0.06 0.13 0.17 0.45 0.96 11.94 0.15 44.74 0.08
PY-6-1 24.54 29.64 0.85 0.55 9.22 8.03 2.72 0.35 0.11 0.04 0.16 0.15 0.27 1.15 23.18 0.16 53.55 0.04
PY-5-2 24.75 32.12 1.43 0.55 9.52 6.69 2.55 0.28 0.20 0.05 0.28 0.07 0.34 1.42 24.14 0.17 95.61 0.04
PY-5-1 24.65 23.65 1.85 0.84 9.56 8.56 2.74 0.19 0.31 0.03 0.24 0.08 0.45 1.12 44.74 0.17 107.04 0.02
PY-4-2 25.74 32.85 1.67 0.88 8.97 9.22 2.11 0.57 0.34 0.04 0.26 0.06 0.49 0.97 16.15 0.14 153.67 0.06
PY-4-1 31.45 22.74 1.45 0.55 9.97 8.71 2.63 0.55 0.44 0.05 0.25 0.08 0.58 1.14 15.89 0.17 108.82 0.06
Average 23.58 29.72 1.17 0.63 8.58 7.5 2.38 0.43 0.24 0.04 0.2 0.10 0.49 1.16 19.85 0.17 83.05 0.06
Min 19.93 22.74 0.64 0.5 6.4 5.86 1.96 0.19 0.09 0.02 0.13 0.06 0.27 0.96 11.79 0.14 44.74 0.02
Max 31.45 34.75 1.85 0.88 10.14 9.22 2.8 0.64 0.44 0.06 0.28 0.17 0.83 1.73 44.74 0.2 153.67 0.08
XQ-13-2 26.18 28.35 1.35 1.18 13.12 14.10 4.09 0.4 0.13 0.09 0.39 0.15 0.72 0.93 35.66 0.23 91.69 0.03
XQ-13-1 25.11 29.56 0.80 1.08 7.52 7.93 2.34 0.24 0.07 0.05 0.22 0.09 0.70 0.95 33.41 0.18 89.95 0.03
XQ-11-2 24.47 32.24 0.89 0.96 8.02 8.07 2.55 0.36 0.08 0.03 0.24 0.10 0.51 0.99 22.60 0.17 83.97 0.04
XQ-11-1 18.27 22.78 0.76 0.84 7.52 5.06 1.80 0.46 0.06 0.04 0.17 0.12 0.48 1.49 11.00 0.17 41.36 0.09
XQ-8 22.75 25.77 0.95 0.83 7.88 5.30 2.04 0.37 0.07 0.02 0.20 0.14 0.33 1.49 14.33 0.16 38.30 0.07
XQ-7-2 26.3 28.58 1.21 0.79 15.23 10.00 4.12 0.80 0.13 0.05 0.39 0.28 0.90 1.52 12.43 0.24 35.83 0.08
XQ-7-1 23.91 31.06 0.89 0.69 8.68 9.33 2.46 0.22 0.08 0.04 0.24 0.13 0.85 0.93 42.21 0.17 71.99 0.02
XQ-6-2 14.93 29.56 1.02 0.68 8.33 9.29 2.34 0.21 0.07 0.05 0.22 0.12 0.70 0.90 44.28 0.16 75.3 0.02
XQ-6-1 21.84 27.73 0.83 0.64 8.01 8.91 2.2 0.14 0.07 0.04 0.21 0.12 0.80 0.90 61.52 0.16 74.25 0.02
XQ-5-2 14.25 30.87 1.17 0.67 6.25 6.48 2.45 0.35 0.08 0.03 0.23 0.13 1.03 0.96 18.53 0.21 50.32 0.05
XQ-5-1 23.12 27.98 0.73 0.65 8.08 8.69 2.22 0.37 0.07 0.05 0.21 0.12 1.09 0.93 23.5 0.18 74.36 0.04
XQ-4-2 22.34 26.88 1.02 0.65 7.76 8.49 2.13 0.30 0.07 0.06 0.20 0.11 0.90 0.91 27.89 0.17 75.64 0.04
XQ-4-1 15.48 26.29 1.07 1.04 7.17 8.2 2.08 0.35 0.07 0.04 0.20 0.11 1.03 0.87 23.42 0.18 74.76 0.04
Average 21.46 28.28 0.98 0.83 8.74 8.45 2.52 0.35 0.08 0.05 0.24 0.13 0.77 1.06 28.52 0.18 67.73 0.04
Min 14.25 22.78 0.73 0.65 6.25 5.06 1.8 0.14 0.06 0.02 0.17 0.09 0.33 0.87 11.00 0.16 35.83 0.02
Max 26.3 32.24 1.35 1.18 15.23 14.1 4.12 0.8 0.13 0.09 0.39 0.28 1.09 1.52 61.52 0.24 91.69 0.09
XJ-13-5 21.65 29.69 0.69 1.17 7.55 6.36 2.01 0.41 0.18 0.02 0.15 0.07 0.67 1.19 15.50 0.18 87.14 0.06
XJ-13-2 23.87 34.92 0.80 1.15 6.96 7.05 2.24 0.27 0.22 0.04 0.18 0.06 0.46 0.99 25.85 0.19 110.37 0.04
XJ-13-1 27.77 34.96 0.92 1.22 11.99 12.75 5.02 0.45 0.24 0.06 0.32 0.18 0.91 0.94 28.04 0.24 69.76 0.04
XJ-11-2 23.64 35.83 0.73 1.15 6.31 6.55 1.71 0.53 0.23 0.03 0.28 0.12 0.35 0.96 12.4 0.16 55.22 0.08
XJ-9-5 22.46 33.466 0.88 1.12 7.06 6.52 1.83 0.42 0.23 0.05 0.25 0.11 0.76 1.08 15.34 0.19 59.50 0.07
XJ-9-3 25.38 33.77 1.47 1.08 9.78 8.39 1.33 0.55 0.08 0.06 0.15 0.16 0.45 1.17 15.14 0.09 54.09 0.07
XJ-9-1 27.03 30.77 1.23 1.05 7.83 7.38 1.50 0.30 0.10 0.04 0.16 0.14 0.27 1.06 24.48 0.11 53.90 0.04
XJ-8-5 26.22 31.36 0.80 0.68 7.06 6.26 1.68 0.24 0.18 0.05 0.28 0.06 0.34 1.13 25.98 0.15 98.07 0.04
XJ-8-3 26.5 30.92 0.81 0.77 8.65 7.83 1.80 0.17 0.27 0.03 0.24 0.07 0.45 1.10 47.02 0.14 107.25 0.02
XJ-8–1 25.49 33.48 0.98 0.76 8.41 6.04 1.36 0.50 0.30 0.04 0.26 0.05 0.49 1.39 12.16 0.13 110.31 0.08
XJ-6-5 27.32 37.59 1.48 0.75 8.93 6.24 1.52 0.48 0.38 0.05 0.26 0.07 0.59 1.43 13.10 0.15 85.51 0.08
XJ-6-3 27.67 27.91 1.03 0.76 7.33 8.23 1.51 0.35 0.37 0.04 0.23 0.06 0.48 0.89 23.53 0.13 131.89 0.04
XJ-6-1 29.65 37.69 0.96 0.75 8.79 7.75 1.66 0.40 0.28 0.05 0.2 0.05 1.12 1.13 19.25 0.16 165.63 0.05
Average 25.74 33.26 0.98 0.96 8.20 7.49 1.94 0.39 0.23 0.04 0.23 0.09 0.57 1.11 21.37 0.16 91.43 0.05
Min 21.65 27.91 0.69 0.68 6.31 6.04 1.33 0.17 0.08 0.02 0.15 0.05 0.27 0.89 12.16 0.09 53.90 0.02
Max 29.65 37.69 1.48 1.23 11.99 12.75 5.02 0.55 0.38 0.06 0.32 0.18 1.12 1.43 47.02 0.24 165.63 0.08
ZJ-11-1 32.69 31.32 1.33 0.77 9.92 15.64 5.09 0.33 0.13 0.09 0.39 0.13 0.93 0.63 47.31 0.23 117.01 0.02
ZJ-8 26.66 30.31 0.57 0.77 7.04 7.41 2.61 0.23 0.08 0.04 0.27 0.09 0.26 0.95 32.17 0.18 79.57 0.03
ZJ-7-2 31.46 28.14 0.56 0.73 6.84 7.17 2.57 0.21 0.07 0.05 0.26 0.08 0.26 0.95 34.46 0.18 85.24 0.03
ZJ-7-1 27.84 27.94 0.48 0.77 5.82 6.35 2.24 0.20 0.08 0.05 0.23 0.08 0.23 0.92 32.17 0.19 79.57 0.03
ZJ-6-1 26.69 27.01 0.56 0.74 5.58 8.94 2.19 0.18 0.07 0.05 0.22 0.07 0.22 0.62 48.84 0.15 120.8 0.02
ZJ-6 25.63 25.72 1.06 0.62 6.64 7.45 2.60 0.23 0.08 0.03 0.26 0.09 0.27 0.89 31.96 0.19 79.04 0.03
ZJ-5-2 23.44 31.56 0.98 0.74 8.34 7.86 2.58 0.16 0.07 0.02 0.18 0.06 0.76 1.06 48.97 0.19 121.12 0.02
ZJ-5-1 32.50 34.32 0.79 0.77 9.73 8.95 2.91 0.19 0.08 0.06 0.22 0.08 0.87 1.09 47.31 0.18 117.01 0.02
ZJ-4-2 24.43 29.88 0.95 0.81 9.05 8.19 2.65 0.17 0.08 0.04 0.19 0.07 0.79 1.11 48.03 0.18 118.8 0.02
ZJ-4-1 24.20 27.09 0.82 0.77 7.34 7.06 2.30 0.15 0.08 0.03 0.22 0.06 0.69 1.04 47.31 0.19 117.01 0.02
ZJ-3-1 21.07 30.44 0.94 0.80 7.99 8.12 2.62 0.18 0.08 0.03 0.20 0.07 0.98 0.98 44.95 0.20 111.17 0.02
ZJ-3 23.59 29.71 1.01 0.93 8.99 7.91 2.82 0.22 0.08 0.04 0.21 0.09 0.96 1.14 36.67 0.20 90.70 0.03
ZJ-1 28.56 31.45 0.89 0.77 7.04 8.97 3.15 0.24 0.07 0.04 0.28 0.10 1.09 0.79 37.26 0.24 92.17 0.03
Average 26.83 29.61 0.84 0.77 7.72 8.46 2.79 0.21 0.08 0.04 0.24 0.08 0.64 0.94 41.34 0.19 102.25 0.02
Min 21.07 25.72 0.48 0.62 5.58 6.35 2.19 0.15 0.07 0.02 0.18 0.06 0.22 0.62 31.96 0.15 79.04 0.02
Max 32.69 34.33 1.33 0.93 9.92 15.64 5.09 0.33 0.13 0.09 0.39 0.13 1.09 1.14 48.97 0.24 121.12 0.03
ZX-16-2 20.12 30.23 1.21 0.75 10.81 13.18 2.33 0.12 0.53 0.05 0.29 0.14 0.35 0.82 107.71 0.13 92.4 0.01
ZX-13-1 17.23 29.57 1.02 1.24 9.67 10.54 3.64 0.19 0.27 0.05 0.35 0.12 0.51 0.92 54.97 0.24 86.14 0.02
ZX-11-2 21.54 31.57 1.13 0.47 11.48 10.84 4.19 0.21 0.53 0.05 0.31 0.14 0.26 1.06 52.46 0.23 77.04 0.02
ZX-8 20.65 27.94 0.96 0.57 11.61 7.65 3.93 0.26 0.62 0.11 0.30 0.13 0.30 1.52 29.41 0.23 58.00 0.03
ZX-7-2 22.74 35.75 1.21 0.40 13.68 8.61 5.30 0.22 0.86 0.11 0.28 0.08 0.33 1.59 39.04 0.27 110.23 0.03
ZX-5-1 23.18 32.82 0.84 0.94 14.31 10.64 4.77 0.25 0.68 0.11 0.27 0.16 0.69 1.35 42.36 0.23 66.38 0.02
ZX-4-1 22.75 31.59 1.94 0.30 17.72 7.57 5.71 0.30 0.82 0.10 0.26 0.19 0.93 2.34 25.21 0.28 39.51 0.04
ZX-3-1 23.54 34.01 0.56 0.53 8.04 8.18 2.33 0.12 0.36 0.05 0.19 0.10 0.69 0.98 66.56 0.19 83.60 0.02
ZX-1-1 19.56 33.23 0.78 0.66 7.35 7.17 2.72 0.15 0.44 0.06 0.13 0.09 0.89 1.02 46.79 0.25 78.61 0.02
Average 21.26 28.65 1.07 0.65 11.63 9.38 3.88 0.20 0.57 0.08 0.26 0.13 0.55 1.29 51.61 0.23 76.88 0.02
(continued on next page)
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seams. The Permian Formation contains the Shanxi (thickness ranging
from 53 to 82m), Lower Shihezi (thickness ranging from 481 to 555m),
and Upper Shihezi (thickness ranging from 117 to 162m) (Fig. 1B,C)
(Chuncai et al., 2014; Yan et al., 2014). The total thickness is about
964m. Coal seam 11 (split into11-2, 11-1), coal seam 16 (split into16-2,
16-1) in the Upper Shihezi Formation, seams 9 (split into 9-2, 9-1), 8, 7-
2, 6, 5 (split into 5-2, 5-1) and 4 (split into 4-2, 4-1) in the Lower
Shihezi Formation and seam 3 (split into 3-2, 3-1) in the Shanxi For-
mation are economically minable. A detailed description of strati-
graphic and lithological characteristics of the coal-bearing strata are
shown in Fig. 1.
3. Samples collection and methodology
A total of three hundred and ninety (390) bench samples, including
98 coal samples from Panyi coal seam Nos. (4-1, 4-2, 5-1, 5-2, 6-1, 6-2,
7-1, 7-2, 8, 9-1 and 9-2), 83 coal bench samples from Xieqiao coal seam
Nos. (4-1, 4-2, 5-1, 5-2, 6-1, 6-2, 7-1, 7-2, 8, 11-1, 11-2, 13-1 and 13-2),
67 coal bench samples from Xinji coal seam Nos. (6-1, 6-3, 6-5, 8-1, 8-5,
9-1, 9-3, 9-5, 11-2, 13-1, 13-3 and 13-5), 82 coal bench samples from
Zhuji coal seam Nos. (1, 3, 3-1, 4-1, 4-2, 5-1, 5-2, 6, 6-1, 7-1, 7-2, 8 and
11-1), and 61 coal bench samples from Zhuji Xi coal seam Nos. (1-1, 3-
1, 4-1, 5-1, 7-2, 8, 11-2, 13-1 and 16-2) including 10 hosting rock (roof
and ﬂoor) samples from Zhuji Xi coals were collected from the Huainan
Coalﬁeld (see also Supplemental Electronic File 1). All collected sam-
ples were sealed and stored in plastic bags to minimize oxidation and
contamination. Samples were crushed and ground to pass the 200 mesh
sieve for proximate, ultimate, mineralogical, and geochemical analysis.
Proximate analysis was performed using the standard procedures of the
American Society for Testing and Materials (ASTM Standards; D317 5-
11, D3173-11, and D3174-11, 2011). Vitrinite random reﬂectance was
measured using a Leica DM-4500P microscope equipped with a Craic
QDI 302TM spectrophotometer, using incident light passing through a
546-nm band ﬁlter on the path to the photomultiplier. The total sulfur
content was determined following ASTM Standards D3177-02 (2007)
and D2492-02 (2012). An X-ray ﬂuorescence spectrometry (XRF, XRF-
1800) was used to determine the major-element oxides (SiO2, Al2O3,
TiO2, MgO, Fe2O3, MnO, Na2O, CaO, P2O5, and K2O) in the high-tem-
perature ashes (815 °C) of the samples. A ﬁeld emission-scanning
electron microscope (FE-SEM, JSM-6700F) was used to study the
morphology of the minerals. The mineral composition was determined
by X-ray powder diﬀraction (XRD, Philips X’Pert PRO). Low-tempera-
ture ashing (LTA) of the coal samples was performed using an EMITECH
K1050X plasma asher, prior to XRD analysis. XRD analysis of the low
temperature ashes was performed on a powder diﬀractometer (D/max-
2500/PC XRD) with Ni-ﬁltered Cu-Kα radiation and a scintillation de-
tector. X-ray diﬀractograms of the samples were subjected to quanti-
tative mineralogical analysis using the Siroquant™ interpretation soft-
ware system. The concentrations of selected trace and rare earth
elements in the samples were determined using inductively coupled
Table 1 (continued)
Coal seams Ad Vdaf St, d Ro,ran SiO2 Al2O3 Fe2O3 TiO2 CaO MnO K2O Na2O MgO SiO2/Al2O3 Al2O3/TiO2 k-Value Al2O3/Na2O TiO2/Al2O3
Min 17.23 21.28 0.56 0.30 7.35 7.17 2.33 0.12 0.27 0.05 0.13 0.08 0.26 0.82 25.21 0.13 39.51 0.01
Max 23.54 35.75 1.94 1.24 17.72 13.18 5.71 0.30 0.86 0.11 0.35 0.19 0.93 2.34 107.71 0.28 110.23 0.04
Huainan coals 24.12 29.15 1.12 0.78 8.81 8.21 2.73 0.32 0.22 0.05 0.23 0.11 0.61 1.1 31.68 0.18 84.81 0.04
Min. 14.25 21.28 0.48 0.3 5.58 5.06 1.33 0.12 0.06 0.02 0.13 0.05 0.22 0.62 11.00 0.09 35.83 0.01
Max. 32.69 37.69 1.94 1.24 17.72 15.64 5.71 0.80 0.86 0.11 0.39 0.28 1.12 2.34 107.71 0.28 165.63 0.09
Chinesea nd nd nd nd 8.47 5.98 4.85 0.33 1.21 0.02 0.19 0.16 0.22 nd nd nd nd nd
Ad, ash yield; Vdaf, volatile matter yield; St, total sulfur; ad, air-dry basis; d, dry basis; daf, dry and ash-free basis; Ro,ran, vitrinite random reﬂectance; average content of major element
oxides for common Chinese coals are from Dai et al. (2012)a; N, number of samples. (N= 380).
Table 2
Maceral composition of the coal samples from Huainan Coalﬁeld (vol.%; on mineral-free
basis).
Coal seams Vitrinite Inertinite Liptinite
16-2 76.56 20.63 10.84
13-2 77.45 18.04 10.22
13-1 78.46 17.36 8.82
11-2 70.53 23.26 10.48
11-1 72.49 21.49 8.48
9-2 62.60 20.63 11.04
9-1 64.57 24.95 11.54
8 63.58 25.64 9.45
7-2 69.46 18.27 7.34
7-1 67.30 19.45 10.53
6-2 62.71 26.18 11.02
6-1 66.55 22.36 10.35
5-2 65.87 21.43 9.44
5-1 57.58 16.15 7.22
4-2 56.43 15.83 7.08
4-1 67.52 17.73 10.45
3-1 62.66 21.62 9.93
3 65.93 24.29 11.10
1 57.84 32.49 10.49
Average 66.64 21.46 9.78
Min 56.43 15.83 7.08
Max 78.46 32.49 11.54
(N=19).
Table 3
Mineral composition of the coal samples from Huainan Coalﬁeld (vol.%).
Coal seams Quartz Montmor Illite Kaolinite Anatase Calcite Ankerite Pyrite Gypsum Clay
3-1 48.23 0.31 2.19 14.63 0.21 2.18 < 0.1 2.19 bdl 4.76
4-1 41.54 0.42 3.21 9.81 0.19 3.26 < 0.1 1.83 0.11 3.09
5-1 53.95 0.29 1.22 16.52 0.23 2.02 < 0.1 bdl < 0.1 6.38
7-1 38.83 0.16 0.35 8.63 0.42 1.83 0.12 0.23 0.15 5.13
8 44.41 0.24 1.24 12.78 0.21 1.76 0.11 bdl 0.11 4.95
11-1 39.58 0.32 1.29 11.53 0.31 1.42 < 0.1 0.39 0.12 7.39
13-1 50.93 0.25 3.17 9.63 0.11 0.78 0.10 0.21 0.13 3.67
Montmor, montmorillonite; bdl, below detection limit.
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plasma mass spectrometry (ICP-MS, Thermo X Series 2). For ICP-MS
determination, each 50-mg sample of coal and non-coal rock was di-
rectly digested using a Milestone microwave digestion system (Ultra-
Clave Microwave High-Pressure Reactor). Each coal sample was di-
gested using 8-ml HNO3 (65% v/v) and 3-ml HF (40% v/v) and for non-
coal samples 3-ml HNO3 (65% v/v) and 5-ml HF (40% v/v) were used
for digestion. Blank samples and digestion of reference materials (NIST-
1632b) were also carried out following the same procedure to check the
accuracy of the digestion and analytical methods. More details of the
ICP-MS analysis technique for coal and non-coal materials are ex-
plained by (Dai et al., 2012b; Li et al., 2014a) and Chinese Standard
Method GB/T 14506.30-2010 (2011). Standard reference material bi-
tuminous coal (NIST-1632d) was allotted and determined to estimate
the precision of the results. All the determined values are within the
ranges of certiﬁed referred values. Rank of the coal samples was es-
tablished by random vitrinite reﬂectance measurement following
standard procedures (Bustin et al., 1989). The petrographic composi-
tion of the seams was determined by maceral analysis using the maceral
classiﬁcation as established by ICCP (2001) and Taylor et al. (1998).
4. Results
4.1. Proximate analysis
The results of the proximate analyses of samples from the Huainan
coals are tabulated in Table 1. Panyi coals ash yields (23.58%;
19.93–31.45%) and volatile matter contents (29.72%; 22.74–34.75%),
Xieqiao coals ash yields (21.46%; 14.25–26.30%) and volatile matter
contents (28.28%; 22.78–32.24%), Xinji coals ash yields (25.75%;
21.65–29.65%) and volatile matter contents (33.26%; 27.91–37.69%).
Zhuji coals ash yields (26.83%; 21.07–32.69%) and volatile matter
contents (29.61%; 25.72–34.33%), while Zhuji Xi coals ash yields
Fig. 3. Relationship between (A) Al2O3 and SiO2 and (B) Al2O3 and TiO2 values in the Huainan coals.
Fig. 4. (A–D) Some selected SEM photomicrophotographs (backscattered electron images) of minerals formed in coal samples from Huainan coalﬁeld; (Q) represents, quartz, (K)
kaolinite, (Cl) calcite, (P) pyrite, (An) anatase, (G) gypsum, and (C) clay.
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(22.39%; 19.56–25.95%) and volatile matter contents (28.65%;
21.28–35.75%), according to Chinese National Standard (GB/T,
15224.1-2004, 2004, 10.01–16.00% for low ash coal, 16.01–29% for
medium ash coal, and> 29% for high ash coal; MT/849-2000, 10–20%
for low volatile matter coal, 20–28% for medium volatile coal, 28–37%
for medium high volatile coal and 37–50% for high volatile matter
coal), the studied coals are classiﬁed as medium ash coals and medium
to high volatile coals (Table 1). While total sulfur contents of Panyi,
Xieqiao, Xinji, Zhuji, and Zhuji Xi coals are 1.17%, 0.98%, 0.99%,
0.84%, 1.07%, respectively, suggesting classiﬁcation as low to medium
sulfur coals (Chou, 2012). The vitrinite reﬂectance of the Huainan coals
range from 0.30 to 1.24%, with an average of 0.73%, indicating a bi-
tuminous rank (Table 1).
4.2. Maceral composition
Macerals are divided into three groups such as vitrinite, liptinite,
and inertinite. Coals with diﬀerent maceral composition behave dif-
ferently, which is useful for developing new coal utilization technolo-
gies (Hower et al., 2011; Sun et al., 2017). The maceral terminology
and classiﬁcation applied in the present study are based on the Taylor
et al. (1998) and ICCP Maceral Classiﬁcation System 1994 (ICCP,
2001). The data regarding maceral composition of the Huainan Coal-
ﬁeld have been summarized and presented in Table 2. The maceral
composition is led by vitrinite (average 66.64%), followed by inertinite
(21.46%) and liptinite (9.78%). The vitrinite contents of Upper Shihezi
Formation are (1.16×, 1.14×, and 1.09×) times higher than Shanxi
Fig. 5. (A–D) Some selected SEM photomicrophotographs (backscattered electron images) of minerals formed in coal samples from Huainan coalﬁeld; (Q) represents, quartz, (K)
kaolinite, (Cl) calcite, (P) pyrite, (An) anatase, (G) gypsum, and (C) clay.
Fig. 6. (A–D) Some selected SEM photomicrophotographs (backscattered electron images) of minerals formed in coal samples from Huainan coalﬁeld; (Q) represents, quartz, (K)
kaolinite, (Cl) calcite, (P) pyrite, (An) anatase, (G) gypsum, and (C) clay.
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Formation, early stage of Lower Shihezi Formation, and late stage of
Lower Shihezi Formation, respectively, while inertinite (1.47×, 1.25×,
and 1.17×) and liptinite (1.23×, 1.08×, and 1.03×) contents of
Shanxi Formation are higher than early stage of Lower Shihezi For-
mation, late stage of Lower Shihezi Formation, and Upper Shihezi
Formation, respectively (Table 2). The high contents of inertinite in the
coal samples indicate that the vegetation was exposed to wildﬁres
during the middle Permian Period in the North China Basin (Sun et al.,
2017).
4.3. Mineral contents
Minerals in the Huainan coals mainly consist of quartz, kaolinite,
calcite, and montmorillonite, together with the variable amount of il-
lite, anatase, and pyrite, and a minute amount of ankerite and gypsum
(Table 3; Figs. 4–6). Quartz and kaolinite are higher in the seam No. 5-1
(Table 3; Figs. 4–6), however, montmorillonite illite, and calcite are
higher in the coal seam No. 4-1, while contents of pyrite are higher in
the coal seam No. 3-1 in the Huainan coals. Quartz is the major mineral
(average 43.54%) in the Huainan coals followed by kaolinite (average
11.93%) (Table 3; Figs. 4–6), both appear to be more abundant in the
coal from seam No. 5-1 than the other coal samples. Quartz is carried
in, transported by water at the peat stage (Taylor et al., 1998). Quartz is
commonly distributed as irregular granules and often associated with
clay minerals (kaolinite and illite), suggesting its terrigenous detrital
origin (Jiang et al., 2016; Wang et al., 2016a; Zhang et al., 2004; Zhao
et al., 2017). The carbonate minerals detected in the studied coal in-
clude calcite and ankerite (Table 3; Figs. 4A, 5B,C, 6A,B). The weighted
average content of calcite (1.89%) is much higher than ankerite and
gradually decreases from lower coal seams to upper coal seams. The
ankerite was detected in minute quantity and the average contents of
ankerite in coals from selected coal seams are less than 0.10%, ranges
from<0.01 to 0.12%, while calcite vary from 0.78 to 3.26% on a coal
ash basis (Table 3). The main sulﬁde mineral present in the studied coal
is pyrite, with the average content (0.97%) ranges from under the un-
detectable limit to 2.19% in the Huainan Coalﬁeld (Table 3; Figs. 4C,
6A–C).
4.4. Geochemistry
The percentage of major element oxides of the Panyi, Xieqiao, Xinji,
Zhuji, and Zhuji Xi coals are given in Table 1 and concentration of
selected trace elements (Bi, Be, Sr, Ba, Mo, Cd, Pb, Nb, and Ga) of each
coal seam of Panyi, Xieqiao, Xinji, Zhuji, and Zhuji Xi coals are listed in
the Table 4. The percentage of rare earth elements in the hosting rocks
(roof and ﬂoor strata) are listed in (S. Table 2; see also Supplemental
Electronic File 2). For comparative purpose, average contents of the
selected trace elements of each coal mine, average Chinese (Dai et al.,
2012a) and world hard coals (Ketris and Yudovich, 2009) are also given
in Table 5. While comparison of trace elements (µg/g) and rare earth
elements (µg/g) of diﬀerent formations in the Huainan Coalﬁeld is
given in (Supplemental Electronic File 3).
4.5. Major element oxides and trace elements abundance
Compared with the average Chinese coals (Dai et al., 2012a), the
percentage of SiO2, Al2O3, MgO, and K2O are higher in the Huainan
coals (Table 1; S. Table 4), while TiO2, CaO, Na2O, and Fe2O3 contents
are depleted in the studied coals. This indicates a felsic-intermediate
igneous source rocks region (Dai and Finkelman, 2017a; Li et al., 2017).
The results from each coal mine show that the average Al2O3, MnO,
MgO, and K2O contents are higher or close to the average Chinese coals
in the Panyi, Xieqiao, Xinji, Zhuji, and Zhuji Xi coals (Table 1; S.
Table 4), while SiO2 contents are close to the average Chinese coals in
the Panyi, Xieqiao, and Zhuji Xi coals. However, CaO, Na2O, and Fe2O3
contents are depleted in the coal seams of selected coal mines (Table 1;
S. Table 4). The SiO2/Al2O3 ratio of the Huainan coals (1.10 average) is
lower than that of Chinese coals (1.42) (Dai et al., 2012a) (Fig. 3A) and
also slightly lower than that of the theoretical SiO2/Al2O3 ratio of
kaolinite (1.18) (Dai et al., 2010). The Al2O3/TiO2 ratio is a useful
Table 4
Concentrations of trace elements (µg/g) in the coals from the Huainan Coalﬁeld (on a
whole coal basis).
Coal
seams
Bi Be Mo Cd Pb Nb Ga Ba Sr
PY-4-1 1.92 8.76 18.96 0.23 16.64 10.21 6.51 229.13 64.74
PY-4-2 1.65 9.54 18.52 0.36 13.47 11.08 9.20 245.95 75.39
PY-5-1 1.53 8.83 17.60 0.12 10.37 7.93 8.05 201.71 68.28
PY-5-2 1.55 7.40 16.22 0.15 16.77 14.11 4.30 174.28 76.16
PY-6-1 0.97 7.45 18.33 0.25 14.03 17.04 4.55 163.99 64.05
PY-6-2 1.35 6.42 15.73 0.34 16.79 24.70 4.35 167.67 63.05
PY-7-1 1.00 6.80 15.94 0.49 17.38 24.83 4.98 180.87 68.58
PY-7-2 1.27 6.53 15.32 0.38 19.89 17.21 3.75 170.35 76.60
PY-8 0.83 5.66 14.80 0.50 19.08 8.54 2.26 99.15 64.69
PY-9-1 0.92 6.93 12.40 0.65 19.37 4.13 1.80 74.19 73.09
PY-9-2 0.90 5.58 14.43 0.92 20.97 6.39 2.48 93.44 78.16
XQ-4-1 1.72 8.52 21.51 0.41 7.28 4.02 7.61 351.90 81.48
XQ-4-2 1.52 8.32 22.72 0.37 4.82 8.77 7.65 396.30 102.22
XQ-5-1 1.40 9.08 32.14 0.56 5.39 4.31 5.13 414.71 363.47
XQ-5-2 1.45 8.89 35.08 0.31 6.91 9.09 5.41 436.58 353.36
XQ-6-1 1.37 6.80 24.46 0.35 12.48 11.49 13.29 238.34 145.74
XQ-6-2 1.35 7.31 25.30 0.16 11.96 11.62 5.11 197.78 174.31
XQ-7-1 1.22 7.35 20.79 0.76 13.66 22.25 2.44 280.30 230.02
XQ-7-2 3.58 17.52 33.04 3.94 42.05 55.03 10.55 266.52 287.75
XQ-8 2.20 7.76 21.70 0.73 14.21 10.90 4.09 215.87 177.38
XQ-11-1 1.44 7.30 14.80 0.69 12.83 6.10 2.60 263.73 216.40
XQ-11-2 1.29 4.01 15.32 0.72 13.74 8.34 3.12 281.42 251.08
XQ-13-1 0.87 5.58 17.60 0.62 22.64 5.61 1.61 208.70 171.24
XQ-13-2 2.54 15.47 47.80 2.55 65.13 50.61 6.74 215.51 238.60
XJ-6-1 1.72 8.52 37.93 1.37 7.28 4.02 7.61 371.90 202.16
XJ-6-3 1.52 9.08 18.39 0.82 4.82 8.77 7.65 246.42 234.95
XJ-6-5 1.40 8.32 26.45 0.56 5.39 4.31 5.13 224.67 217.14
XJ-8-1 1.45 8.89 23.01 0.73 6.91 9.09 5.41 197.46 191.72
XJ-8-3 1.37 7.76 26.53 0.72 12.48 11.49 3.48 240.30 166.12
XJ-8-5 1.35 7.31 18.93 0.62 11.96 11.62 5.70 186.51 181.18
XJ-9-1 1.22 7.35 25.54 0.69 13.66 22.25 2.72 218.15 188.60
XJ-9-3 1.25 7.30 19.22 0.76 14.65 19.17 4.10 278.27 262.27
XJ-9-5 2.20 6.11 20.43 0.41 14.21 10.90 4.56 174.76 153.24
XJ-11-2 1.44 6.80 20.32 0.37 12.83 6.10 2.90 166.23 133.27
XJ-13-1 3.45 10.70 36.45 0.88 36.68 22.28 13.29 142.18 166.04
XJ-13-3 0.87 5.58 17.98 0.35 22.64 5.61 1.79 185.27 137.70
XJ-13-5 0.88 5.35 14.67 0.16 22.54 0.35 2.60 122.58 97.36
ZJ-1 1.76 14.96 23.88 0.19 9.66 3.88 18.84 215.78 109.77
ZJ-3 2.02 9.67 24.75 0.19 7.50 4.46 10.59 192.54 113.84
ZJ-3-1 1.63 12.48 22.90 0.21 7.03 8.96 10.66 226.42 131.53
ZJ-4-1 1.46 13.79 20.86 0.19 8.66 7.52 8.57 167.42 137.37
ZJ-4-2 1.26 9.81 24.75 0.37 7.72 9.20 15.72 198.45 157.16
ZJ-5-1 1.71 9.23 25.49 0.36 9.76 12.11 10.35 233.56 169.04
ZJ-5-2 1.64 8.96 17.59 0.58 14.71 21.23 8.58 265.32 177.38
ZJ-6 1.21 9.32 15.54 0.58 12.24 10.28 5.09 307.85 189.26
ZJ-6-1 1.70 9.23 12.07 0.53 10.67 11.10 9.60 269.47 191.82
ZJ-7-1 1.37 7.32 10.17 0.86 13.52 9.37 5.04 312.74 226.28
ZJ-7-2 1.46 3.37 5.44 0.60 14.54 7.18 4.46 301.45 230.89
ZJ-8 1.14 5.69 16.57 1.12 13.71 6.04 7.26 289.45 263.99
ZJ-11-1 2.16 18.91 34.08 2.98 48.27 13.43 21.62 248.84 279.86
ZX-1-1 0.65 14.97 19.68 0.20 15.48 12.23 14.26 132.11 111.56
ZX-3-1 2.37 28.78 77.54 0.81 48.09 38.87 31.76 106.74 107.14
ZX-4-1 2.26 23.34 51.38 0.49 41.14 38.45 33.71 109.15 127.36
ZX-5-1 1.87 25.37 53.42 0.76 45.97 36.76 28.87 99.74 149.94
ZX-7-2 1.72 9.44 77.54 0.75 43.75 42.90 28.55 154.54 157.54
ZX-8 1.76 13.00 56.29 0.70 48.09 37.18 30.78 131.20 173.57
ZX-11-2 1.45 7.94 56.20 0.93 48.62 38.45 24.20 231.69 236.95
ZX-13-1 1.58 9.65 55.98 0.93 46.50 35.40 26.14 121.18 234.88
ZX-16-2 1.34 5.35 36.57 1.02 53.65 23.16 20.37 108.39 279.86
N, number of samples. (N= 380).
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indicator for sedimentary rocks (Hayashi et al., 1997). Al2O3/TiO2 ra-
tios are 21–70, 8–21, and 3–8 for sediments derived from felsic, inter-
mediate and maﬁc igneous rocks, respectively (Hayashi et al., 1997).
The Al2O3/TiO2 ratio can be used for coal and coal-bearing sequences
for their terrigenous origin (Hower et al., 2016, 2011; Liu and Xu, 2017;
Munir et al., 2018). The Al2O3/TiO2 values of each studied samples are
given in the (Table 1; Fig. 3B). Panyi Al2O3/TiO2 ratios are varying
from 11.79 to 44.74 with an average value of 19.85, indicates a parent
material of intermediate igneous rocks. While Xieqiao Al2O3/TiO2 ra-
tios of (average 28.52; 11.0–61.52), Xinji (21.37; 12.16–47.02), Zhuji
(41.34; 31.96–48.97), and Zhuji Xi coals (51.61; 25.20–107.71), in-
dicating a parent material of felsic igneous rocks (Table 1; Fig. 3B). The
TiO2 to Al2O3 is an eﬀective indicator to identify intra-seam tonstein
layers and the origin of clastic sediments. The TiO2/Al2O3 value can be
used to categorize the three kinds of tonstein having values: > 0.10 for
maﬁc, 0.02–0.08 for alkali, < 0.02 for silicic tonsteins (Dai et al.,
2012a). The TiO2/Al2O3 ratio of the Huainan coals falls in the alkali
tonsteins category (Table 1), characterized by high contents of Nb, Ga,
Mo, and REYs (Dai et al., 2012a; Jiang et al., 2015). Compared with the
averages for Chinese coals reported by Dai et al. (2012a), and based on
enrichment classiﬁcation, Tb and Lu in the Huainan coals are sig-
niﬁcantly depleted (concentration coeﬃcient; CC < 0.5), and several
other elements, Pb, Nb, Sr, Ba, Ga, Ce, Ho, Y, Nd, Gd, Eu, Pr, Sm, Nb,
Yb, Dy, La, and Er are close (0.5 < CC < 2) to the average Chinese
coals, and Be and Bi are slightly enriched (2 < CC < 5), and Mo is
enriched (5 < CC < 1 0) in the Huainan coals (S. Table 4). While
compared to average world hard coals reported by Ketris and Yudovich
(2009), only Mo is signiﬁcantly enriched (10 < CC < 1 0 0) and Be is
enriched (5 < CC < 1 0) in the Huainan coals, several other elements,
including Sm, Dy, Pr, Yb, Nb, Bi, Cd, Sr, Ba, Ga, Y, La, and Er are
slightly enriched (2 < CC < 5) (Fig. 7A–F), and Tb, Lu, Tm, Ho, Ce,
Gd, and Eu in the coals are close (0.5 < CC < 2) to the average world
hard coal values in the Huainan coals (Fig. 7F). Based on our results
from this study, the trace elements with signiﬁcant enrichment factors
of more than 5 times enrichment CC > 5 are elements, such as Be in
Xieqiao, Zhuji, and Zhuji Xi (CC= 5–10), Nb in Zhuji Xi (CC= 9.11),
and Mo in Panyi, Xieqiao, Zhuji, and Zhuji Xi coals (CC=5–25) (S.
Table 4). Compared with average world coals, most trace elements (Bi,
Be, Mo, Cd, Pb, Nb, and Ga) in XQ-7-2, XQ-13-2, XJ-13-1, ZJ-11-1, ZX-
4-1, ZX-5-1, ZX-7-2, ZX-8, ZX-11-2, ZX-13-1 and ZX-16-2 coals are
slightly enrichment to signiﬁcantly enriched in the Huainan coals.
While compared to the average Chinese coals the Huainan coals are
enriched in Bi (1.96×), Sm (1.10×), Be (4.68×), Cd (2.71×), Yb
(1.29×), Pb (1.41×), Dy (1.43×), La (1.48×), Pr (1.05×), Er
(1.64×), Nb (1.77×), Sr (1.19×), Ba (1.32×), Mo (9.01×), and Ga
(1.61×).
4.6. REY contents
The total REY contents of the Huainan Coalﬁeld varies from
74.39 µg/g to 220.32 µg/g, with an average value of 142.51 µg/g
(Table 6), much higher than the world hard coals (68 μg/g; Ketris and
Yudovich, 2009) and average Chinese coals (136 μg/g; Dai et al.,
2012a), inﬂuenced by both brackish water and seawater during peat
accumulation. Results of the individual coal mine shows that the Panyi
(average 144.09 µg/g; 122.69–169.95 µg/g), Xieqiao (156.58 µg/g;
129.31–174.52 µg/g), and Xinji (157.35 µg/g; 135.88–174.52 µg/g)
coals have REY contents higher than the average for the Chinese coals
(136 μg/g; Dai et al., 2012a), except for Zhuji coals (133.51 µg/g;
113.18–161.13 µg/g) and Zhuji Xi coals (104.84 µg/g; 74.39–150.0 µg/
g). The content of total REY in the Huainan coal ashes varies from
483.37 to 2387.5 µg/g, with an averages value of 1111.2 µg/g, much
higher than the upper continental crust (168 µg/g; Taylor and
McLennan 1985). Contents of REY in each coal seam of the Panyi,
Xieqiao, Xinji, Zhuji, and Zhuji Xi are given in Table 6.
5. Discussion
5.1. Depositional environment
The Sr/Ba ratio is an eﬀective index for depositional environment,
having value higher than 1 indicative of marine water inﬂuence and
less than 1 indicative of inﬂuence of fresh water during coal accumu-
lation (Fu et al., 2016; Li et al., 2013, 2012; Seredin and Dai, 2012;
Zhao et al., 2017). Panyi coals bear Sr/Ba ratios less than 1 (average
0.43; 0.28–0.99) (Fig. 2A), Xieqiao coals bear Sr/Ba ratios (0.74;
0.23–1.26) with the exception of XQ-13-2 (1.11) and XQ-7-2 (1.08)
samples (Fig. 2B), Xinji coals bear Sr/Ba ratios (0.85; 0.54–1.17), ex-
cept for XJ-13-1 (1.17) samples (Fig. 2C), Zhuji coals bear Sr/Ba ratios
(0.74; 0.51–1.12), with the exception of ZJ-11-1 (1.12) (Fig. 2D),
Table 5
Average concentrations of trace elements (µg/g) in the coals from the Huainan Coalﬁeld (on a whole coal basis).
Location Bi Be Cd Pb Nb Sr Ba Mo Ga
Panyi Average 1.26 7.26 0.40 16.80 13.29 70.25 163.70 16.21 4.75
Min 0.83 5.58 0.12 10.37 4.13 63.05 74.19 12.40 1.80
Max 1.92 9.54 0.92 20.97 24.83 78.16 245.95 18.96 9.20
Xieqiao Average 1.69 8.76 0.94 17.93 16.01 214.85 289.82 25.56 5.80
Min 0.87 4.01 0.16 4.82 4.02 81.48 197.78 14.80 1.61
Max 3.58 17.52 3.94 65.13 55.03 363.47 436.58 47.80 13.29
Xinji Average 1.55 7.62 0.65 14.31 10.46 179.37 211.90 23.53 5.15
Min 0.87 5.35 0.16 4.82 0.35 97.36 122.58 14.67 1.79
Max 3.45 10.70 1.37 36.68 22.28 262.27 371.90 37.93 13.29
Zhuji Average 1.58 10.21 0.67 13.69 9.60 182.94 248.41 19.55 10.49
Min 2.16 18.91 2.98 48.27 21.23 279.86 312.74 34.08 21.62
Max 1.14 3.37 0.19 7.03 3.88 109.77 167.42 5.44 4.46
Zhuji Xi Average 1.67 15.32 0.73 43.48 33.71 175.42 132.75 53.84 26.52
Min 0.65 5.35 0.20 15.48 12.23 107.14 99.74 19.68 14.26
Max 2.37 28.78 1.02 53.65 42.90 279.86 231.69 77.54 33.71
Huainan Average 1.55 9.55 0.68 19.88 15.57 167.03 216.05 26.36 9.65
Min 0.65 3.37 0.12 4.82 0.35 63.05 74.19 5.44 1.61
Max 3.58 28.78 3.94 65.13 55.03 363.47 436.58 77.54 33.71
World coal Average 0.97 1.60 0.22 7.80 3.70 110.00 150.00 2.20 5.80
Chinesea Average 0.79 2.10 0.25 15.10 9.40 140.00 159.00 3.08 6.55
Average concentrations of trace elements are from Ketris and Yudovich (2009); Average content of trace elements for common Chinese coals are from Dai et al. (2012)a.
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however Zhuji Xi coals bear Sr/Ba ratios greater than 1 (1.38;
0.84–2.58), with the exception of two samples ZX-1-1 (0.84) and ZX-3-1
(0.99) (Fig. 2E). The (CaO+MgO+Fe2O3)/(SiO2+Al2O3) ratio of
coal (k-value) is another indicator of the depositional environment in
the stage of peat accumulation when epigenetic processes are at a low
level (Guo et al., 2017; Li et al., 2016; Liu et al., 2009; Shao et al., 2003;
Wang et al., 2016a). Coal with the k-value less than 0.22 is inﬂuenced
mainly by fresh water during peak accumulation, and the k-value
greater than 0.23 represents the inﬂuence of seawater (Liu et al., 2015;
Liu and Xu, 2017; Wang et al., 2008; Zhao et al., 2017). The k-value of
the Huainan Coalﬁeld varies from 0.09 to 0.28 (Table 1). Panyi coals
(average 0.17; 0.14–0.20), Xieqiao (0.18; 0.16–0.24), Xinji (0.16;
0.09–0.24), and Zhuji (0.19; 0.15–0.24) are less than 0.22, indicating
that these coals were inﬂuenced by brackish water. While samples from
XQ-13-2, XQ-7-2, XJ-13-1, ZJ-11-1, and Zhuji Xi coals, having k-values
greater or equal to 0.24, indicates that these coals were inﬂuenced by
seawater during peat accumulation (Liu et al., 2015; Wang et al., 2008;
Zhao et al., 2017). The k-value of each coal seam of the studied area is
given in Table 1.
5.2. Vertical distribution and modes of occurrence of Bi, Be, Mo, Cd, Pb,
Nb, and Ga
Each coal seam of selected coal mines in the Huainan Coalﬁeld has
diﬀerent mineral assemblages, macerals contents, volatile matter con-
tents, ash yields, sulfur contents and k-values, indicating diﬀerent local
geochemical conditions. Variations of ash yield, sulfur contents and
selected trace elements (Bi, Be, Mo, Cd, Pb, Nb, and Ga) among
Fig. 7. Concentration coeﬃcients (CC) of the trace elements in average (A) Panyi, (B) Xieqiao, (C) Xinji, (D) Zhuji, and (E) Zhuji Xi coals. Normalized by average trace element
concentrations in the world hard coals (Ketris and Yudovich, 2009).
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diﬀerent coal seams of Panyi (4-1, 4-2, 5-1, 5-2, 6-1, 6-2, 7-1, 7-2, 8, 9-1
and 9-2), Xieqiao (4-1, 4-2, 5-1, 5-2, 6-1, 6-2, 7-1, 7-2, 8, 11-1, 11-2, 13-
1 and 13-2), Xinji (6-1, 6-3, 6-5, 8-1, 8-5, 9-1, 9-3, 9-5, 11-2, 13-1, 13-3
and 13-5), Zhuji (1, 3, 3-1, 4-1, 4-2, 5-1, 5-2, 6, 6-1, 7-1, 7-2, 8 and 11-
1), and Zhuji Xi (1, 3-1, 4-1, 5-1, 7-2, 8, 11-2, 13-1 and 16-2) coals are
shown in the Fig. 8. Results show that except Pb and Cd, other trace
elements (e.g. Bi, Be, Mo, Nb, and Ga) have ash yield similar vertical
distribution pattern in the Huainan coals (Fig. 8A–E). The contents of
these trace elements show variations through diﬀerent coal seams of
selected coal mines in the Huainan coals. Bismuth, Be, Mo, Nb, and Ga
are enriched in the Lower Shihezi Formation (4-1, 4-2, 5-1, 5-2, 6-1, 6-
2, 7-1, 7-2, 8, 8-1 and 8-1) than the Upper Shihezi Formation (11-1, 11-
2, 13-1, 13-2 and 16-2) (Fig. 8). Fig. 16 and S. Table 3 show that the
coals in the Upper Shihezi formation have the highest contents of ash
yield, sulfur contents, Ba, Be, Bi, Ce, Dy, Er, Gd, Ho, La, Lu, Nd, Sm, Tm,
Y, and Yb. Most trace elements in coals from the Shanxi formation are
comparatively low except for Cd, Eu. Ga, Mo, Nb, Pb, Sr, V, and Pr.
While the coals from the Lower Shihezi formation are comparatively
low in several trace elements content, except TiO2, CaO, and MnO (see
also Supplemental Electronic File 3).
Results of the present study show that the coal having Sr/Ba ratio
and k-value greater than 1 and 0.22, respectively, exhibits higher
contents of Bi, Be, Mo, Cd, Pb, Nb, Ba, Sr, and Ga because these coals
are deposited in marine-inﬂuenced environment and generally enriched
Fig. 8. Variations of Ad, St, Bi, Be, Mo, Cd, Pb, Nb, and Ga through the (A) Panyi, (B) Xieqiao (C), Xinji (D), Zhuji, and (E) Zhuji Xi coal seams; Ad: Ash yield; St: Total sulfur contents.
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in some elements, e.g., B, V, Sr, Ba, Br, Rb, Sr, Mo, and U (Goodarzi
et al., 2009; Goodarzi and Huggins, 2001; He et al., 2006; Qin et al.,
2015; Wang et al., 2008; Xiong et al., 2017), not only because sea water
contains higher content of these elements, but also because plankton in
marine environment are enriched in these elements and also has the
strong ability to change the pH, Eh, and H2S contents, leading to a
favorable environment for the enrichment of several trace elements
than fresh water (Dai et al., 2012a; Li et al., 2013; Xiong et al., 2017;
Zhang et al., 2004). Results show that the sulfur contents are also
higher in XQ-7-2, XQ-13-2, XJ-13-1, ZJ-11-1, ZX-4-1, ZX-5-1, ZX-7-2,
Table 7
Enrichment patterns and anomalies of individual REY in the Huainan coals.
(La/Lu)N (La/Sm)N (Gd/Lu)N (La/Yb)N Ce/Ce* Eu/Eu* Gd/Gd* ET
Zone 1 PY-9-2 1.98 0.82 3.13 0.77 0.56 0.58 2.64 M
XQ-13-2 1.73 0.65 1.47 1.30 0.77 0.79 1.01 M
XQ-13-1 1.47 0.72 2.24 0.83 0.79 0.68 1.85 M
XQ-11-1 1.90 0.98 2.38 0.98 0.77 0.72 2.16 M
XQ-8 2.37 0.80 3.33 0.96 0.75 0.61 2.14 M
XQ-7-2 2.92 0.74 4.39 1.00 0.78 0.61 2.18 M
XQ-7-1 4.17 0.91 4.96 1.11 0.77 0.61 2.38 M
XQ-6-2 2.06 0.86 2.56 1.14 0.81 0.67 2.05 M
XQ-6-1 1.50 0.76 1.95 0.96 0.72 0.62 1.59 M
XQ-5-2 1.48 0.62 2.08 1.20 0.74 0.54 1.53 M
XQ-5-1 2.01 0.65 2.64 1.45 0.77 0.53 1.58 M
XQ-4-1 1.70 0.96 2.11 0.97 0.85 0.75 1.80 M
XJ-13-5 1.47 0.96 2.35 0.71 0.77 0.71 2.24 M
XJ-13-3 1.36 0.95 2.24 0.71 0.76 0.55 2.30 M
XJ-13-1 1.34 0.90 2.21 0.69 0.72 0.55 2.25 M
XJ-11-2 1.49 0.92 2.38 0.70 0.53 0.56 3.08 M
XJ-9-5 1.32 0.91 2.08 0.65 0.52 0.56 2.76 M
XJ-9-3 1.26 0.90 2.05 0.67 0.50 0.63 2.40 M
XJ-9-1 1.48 0.95 2.37 0.71 0.80 0.55 2.71 M
XJ-8-5 1.63 0.92 2.49 0.72 0.83 0.55 2.57 M
XJ-8-3 1.87 0.94 2.88 0.73 0.84 0.53 2.71 M
XJ-8-1 1.05 0.78 1.81 0.51 0.68 0.58 2.13 M
ZJ-1 1.55 0.67 2.05 1.01 0.33 0.84 1.53 M
Zone 2 PY-9-1 2.24 1.04 2.67 1.00 0.61 0.63 2.26 L
PY-8 3.32 1.44 2.95 0.93 0.55 0.71 1.79 L
PY-7-2 2.77 1.06 3.18 0.77 0.67 0.88 2.04 L
PY-7-1 2.39 1.33 2.69 0.93 0.61 0.72 2.41 L
PY-6-1 1.85 1.22 1.79 0.74 0.70 0.83 1.61 L
PY-5-2 2.58 1.24 2.40 0.93 0.59 0.62 1.81 L
PY-4-2 3.07 1.47 2.40 1.35 0.57 0.78 2.15 L
PY-4-1 2.47 1.44 2.62 1.26 0.54 0.71 2.17 L
XQ-11-2 2.27 1.08 2.85 0.96 0.77 0.75 2.24 L
XQ-4-2 1.65 1.03 1.87 0.96 0.83 0.77 1.69 L
XJ-6-5 1.66 1.06 2.66 0.63 0.81 0.51 2.49 L
XJ-6-3 1.73 1.04 2.81 0.62 0.82 0.55 2.69 L
XJ-6-1 1.68 1.02 2.91 0.59 0.84 0.50 2.93 L
ZJ-11-1 2.44 1.38 3.05 1.11 0.34 0.66 2.70 L
ZJ-8 2.81 1.44 2.45 1.15 0.33 0.82 2.26 L
ZJ-7-2 3.41 1.45 2.84 1.35 0.32 0.83 2.30 L
ZJ-6-1 2.99 1.36 1.96 1.32 0.33 0.98 1.62 L
ZJ-6 2.76 1.41 2.46 1.12 0.33 0.87 2.26 L
ZJ-5-2 2.91 1.50 2.71 1.14 0.33 0.83 2.43 L
ZJ-5-1 2.84 1.45 2.57 1.16 0.32 0.84 2.37 L
ZJ-4-2 3.16 1.56 2.54 1.43 0.32 0.90 2.28 L
Zone 3 ZJ-7-1 2.71 1.39 1.80 1.11 0.33 1.02 1.66 L
PY-5-1 2.68 1.55 1.90 0.91 0.64 1.26 1.72 L
PY-6-2 2.51 1.72 1.87 1.28 0.72 1.39 1.59 L
ZJ-4-1 2.71 1.39 1.77 1.11 0.33 1.03 1.63 L
ZJ-3-1 2.23 1.30 1.59 1.13 0.35 1.05 1.60 L
ZJ-3 2.51 1.41 1.86 1.19 0.30 1.15 1.93 L
ZX-16-2 3.09 1.72 2.43 0.97 0.65 1.14 2.54 L
ZX-13-1 1.61 1.16 0.30 1.15 0.64 2.02 0.24 L
ZX-11-2 1.60 1.30 0.89 0.66 0.39 2.11 0.91 L
ZX-8 0.83 1.28 0.77 0.60 0.54 2.07 0.90 L
ZX-7-2 1.74 1.95 0.68 0.74 0.48 3.76 1.12 L
ZX-5-1 1.55 1.58 0.83 0.62 0.35 3.14 1.29 L
ZX-4-1 1.95 4.68 0.90 0.79 0.28 4.55 2.05 L
ZX-3-1 2.26 1.70 1.00 2.57 0.27 3.27 0.95 L
ZX-1-1 1.40 2.20 1.40 0.55 0.35 3.33 1.83 L
Ce/Ce* Eu/Eu* and Gd/Gd* are the anomalies of Ce, Eu, and Gd respectively in the coal; ET, Enrichment type; REY are normalized by Upper Continental Crust (UCC) when (La/Lu)N,
(LaN/Sm)N, (Gd/ Lu)N, (La/Yb)N, Eu/Eu*, and Ce/Ce* are calculated, L, light-REY type enrichment; M, medium-REY type enrichment; H, heavy-REY type enrichment.
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ZX-8, ZX-11-2, ZX-13-1, and ZX-16-2 coals and exhibit higher average
content of Bi, Be, Mo, Cd, Pb, Nb, and Ga than other coal seams of the
present study (Table 4).
As mentioned above, the Permian coal-bearing sequence from the
Panyi, Xieqiao, Xinji, Zhuji, and Zhuji Xi coal mines was developed by
brackish water and marine water inﬂuenced. Coal seams XQ-7-2, XQ-
13-2, XJ-13-1, ZJ-11-1, ZX-4-1, ZX-5-1, ZX-7-2, ZX-8, ZX-11-2, ZX-13-1,
and ZX-16-2 were subjected to frequent marine transgression and re-
gression, which is consistent with the previous studies (Chen et al.,
2016; Ding et al., 2011; Sun et al., 2014; Sun et al., 2012a; Yang, 2006).
In addition, the depositional environment changed frequently among
the split coal seams (XQ-7-1, XQ-7-2) and (XQ-13-1, XQ-13-2) in the
studied coal. The diﬀerent depositional environments inﬂuenced by
seawater led to the diﬀerent geochemical composition and elements
concentration. Statistical analysis of the data through correlation
coeﬃcient suggests that the elements Bi, Be, Mo, Cd, Pb, Nb, Ba, Sr, and
Ga have diﬀerent modes of occurrence in the Huainan Coalﬁeld. With
the exception of Cd and Pb, other elements, Ba, Sr, Bi, Mo, Be, Nb, and
Ga have mixed aﬃnity with ash yields in the selected coal mines
(Table 8).
Results show that Bi, Be, Ba, and Mo are strongly correlated with
ash yield in the Panyi coals (rash= 0.7–1.0), while Ga has a lower in-
organic aﬃnity (r= 0.65), but it still has a relatively high inorganic
aﬃnity (Table 8). However, only Nb and Sr are very weakly correlated
with ash yield (Table 8), indicating ambiguous organic or inorganic
aﬃnities. Xieqiao and Zhuji coals exhibit a very weak correlation of Bi,
Be, Mo, Nb, and Ba, with ash yield (rash= 0.20–0.54), while Ga is very
weakly correlated with ash yield in the Xieqiao and Zhuji coals. Gallium
is a typical dispersed element and mainly substitutes for Al occurring in
the clay or aluminum-hydroxide minerals (Qin et al., 2015; Shiller and
Frilot, 1996; Zou et al., 2017). Gallium in the Xieqiao and Zhuji coals is
less strongly correlated with ash yield (Table 8). Be, Mo, Ba, and Sr are
strongly correlated with ash yield in the Xinji coals (rash= 0.70–0.76).
While Bi and Nb are less strongly correlated with ash yield (Table 8).
Bismuth in the Zhuji Xi coals is strongly correlated with ash yield
(r= 0.70), indicating high inorganic aﬃnity, other elements including
Be, Mo, Nb, Ga, and Sr have lower inorganic aﬃnity and correlation
coeﬃcient values lies between 0.50 and 0.65. The ash yield is nega-
tively correlated with Pb (rash=−0.10 to −0.56) and Cd
(rash=−0.20 to −0.69) in the Huainan coals, indicating a dominant
organic aﬃnity. In particular, Bi, Be, Mo, Nb, and Ga have positive
correlation coeﬃcients with both Al2O3 and SiO2 (Table 8). These
elements are probably hosted in the clay minerals or mica due to their
positive correlation coeﬃcients with SiO2 and Al2O3. The correlation
coeﬃcient between ash yield and SiO2 is (r= 0.57–0.69), and that
between ash yield and Al2O3 is (r= 0.53–0.76), indicates that the Si
and Al are the major constituents of the aluminosilicate (kaolinite) or
silicate (quartz) minerals.
5.3. REY parameters
The REY in coals is useful to determine the geologic implications of
sediment provenance, sustainable resource utilization, and diagenesis
conditions (Dai et al., 2012a; Seredin and Dai, 2012; Wang et al.,
2016a). The rare earth elements (REE) include (La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, and Lu), and Y (REY, if yttrium is in-
cluded) were determined from Panyi, Xieqiao, Xinji, Zhuji, and Zhuji Xi
coals.
5.3.1. Vertical distribution and mode of occurrence of REY in coals
There is an increasing upward trend in the REY contents through the
coal seams except for Zhuji coals (Fig. 9A–E). The REY contents in the
late stage of the Lower Shihezi Formation (coal seams of 6, 6-1, 6-2, 7-1,
7-2, 8, 8-1 and 8-2) and the Upper Shihezi Formation (coal seams of 11-
1, 11-2, 13-1, 13-2 and 16-2) are signiﬁcantly higher than the early
stage of the Lower Shihezi Formation (coal seams 4-1, 4-2, 5-1 and 5-2)Ta
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and the Shanxi Formation (coal seams of 3-1, 3-2 and 1) in the Panyi,
Xieqiao, Xinji, and Zhuji Xi coals (Fig. 9), except for Zhuji coals
(Fig. 9D) (having higher contents in the Shanxi Formation than early
stage of the Lower Shihezi Formation). REY in coal is often positively
correlated with ash yield and is mostly related to clays, carbonates, and
phosphates.
According to the correlation of ash yield with various REYs, the
inorganic aﬃnity of REY in the Panyi, Xieqiao, Xinji, and Zhuji Xi coals
is shown in order as LREY > HREY > MREY. The LREY in the studied
coals is characterized by inorganic aﬃnity and MREY and HREY, are
characterized by both organic and inorganic aﬃnities (Fig. 10A–F),
except for Zhuji coals (LREY, HREY, and MREY strongly correlated with
ash yield; Fig. 10E). A number of previous studies have shown that REY
in coal is mainly associated with minerals, e.g., clay minerals, phos-
phates, aluminophosphates, and carbonates (Chen et al., 2016; Fu et al.,
2013; Hower et al., 2016; Qin et al., 2015; Ruan and Ward, 2002;
Seredin and Dai, 2012; Wang et al., 2015; Yan et al., 2014; Zhang et al.,
2002; Zhao et al., 2013, 2017), as well as in association with the or-
ganic matter (Liu et al., 2015; Sutcu and Karayigit, 2015; Wang et al.,
2011; Ward, 2002) in coal. Only few studies have indicated that the
heavy REYs have higher organic aﬃnity than the light REYs (Chen
et al., 2015a; Dai et al., 2016; Seredin and Dai, 2012; Wang et al.,
2008). The positive but very weak correlation coeﬃcients of REYs with
SiO2 (r= 0.41) and with Al2O3 (r= 0.38) indicate that the REYs show
no clear association with the inorganic or organic matter in the Panyi,
Xieqiao, Xinji, Zhuji, and Zhuji coals. However, the relatively high
correlation coeﬃcients of REYs with P2O5 (r= 0.48) and CaO
(r= 0.51) suggest that the mode of REYs occurrence are more likely to
be associated with phosphates and calcite in the Huainan coals.
5.3.2. REY enrichment in the Huainan Coalﬁeld
According to Seredin and Dai (2012) and Dai et al. (2016), a
threefold classiﬁcation of REY was used for this study; light REY (La,
Ce, Pr, Nd, and Sm), medium REY (Eu, Gd, Tb, Dy, and Y) and heavy
REY (Ho, Er, Tm, Yb, and Lu). While compared with the upper con-
tinental crust (UCC), two enrichment types were identiﬁed (Seredin and
Dai, 2012) in the Huainan coals: L-type (light-REY; LaN/LuN > 1) and
M-type (medium-REY; LaN/SmN < 1, GdN/ LuN > 1). The decoupling
of individual Eu, Ce, and Gd concentrations from the REY in the UCC-
normalized distribution patterns (expressed as Eu/Eu∗, Ce/Ce∗, and Gd/
Gd∗, respectively) was calculated using the following formulae (Bau
and Dulski, 1996; Dai et al., 2016).
= +
∗Ce /Ce Ce /(0.5La 0.5Pr )N N N N N (1)
= × + ×
∗Eu /Eu Eu /[(Sm 0.67) (Tb 0.33)]N N N N N (2)
= × + ×
∗Gd /Gd Gd /[(Sm 0.33) (Tb 0.67)]N N N N N (3)
The results show that there is a signiﬁcant diﬀerence in the en-
richment types and distribution patterns of REY in the studied coal.
Huainan Coalﬁeld is divided into two enrichment types and three zones
(Table 7; Fig. 11A–J). Zone 1 is characterized by M-type distribution
with LaN/SmN values vary from 0.62 to 0.98 and GdN/LuN values vary
from 1.47 to 4.96, zone 1 coals have strong negative Eu-anomalies
(0.53–0.80), negative Ce-anomalies (0.33–0.85), and positive Gd-
anomalies (1.01–3.08), while zone 2 is characterized by L-type dis-
tribution with LaN/LuN values vary from 1.05 to 4.17. Zone 2 coals have
weak Eu-anomaly (0.50–0.98) and positive Gd-anomalies. However;
zone 3 coals also have L-type distribution with LaN/LuN values vary
from 1.01 to 3.09, with only diﬀerence with zone 2 is coals in the zone
3 have strong Eu-anomalies (1.02–4.55) and positive and negative Gd-
anomalies (Table 7). The negative Eu-anomaly is possibly indicating a
joint inﬂuence of the basalt and hydrothermal solution for REY dis-
tribution. The L-type distribution with LaN/LuN values> 1 and negative
Eu anomalies with positive Gd-anomalies, indicates a terrigenous origin
(Dai et al., 2012b; Seredin and Dai, 2012). The M-type distribution in
the zone 1, is probably caused by the acidic natural waters containing
high REY concentrations that circulate in the coal basin (Dai et al.,
2016; Jiang et al., 2016; Sun et al., 2012b; Zhu et al., 2008). The Ce/Ce∗
values of the Huainan coals are 0.27–0.85, showing negative anomalies
(Table 7), possibly due to the marine inﬂuences (Li et al., 2017; Sun
et al., 2016; Wang et al., 2008; Yan et al., 2014). The negative Eu
anomalies in the Panyi, Xieqiao, Xinji, Zhuji, and Zhuji Xi coals are
mainly inherited from the felsic rocks (Table 7).
The YN/HoN ratio in the coal is used to represent anomalous Y
compared with Ho, values less than 1 (negative anomalies) and greater
than 1 (positive anomalies) (Fig. 12A). Results show that the Huainan
coals have YN/HoN ratio (average 1.01; 0.45–2.63). Dai et al. (2016)
showed that, at high Ba concentrations, there is interference with Eu in
REY evaluations of coal and coal-related samples. The weak but positive
coeﬃcient correlation between Eu and Ba contents (r= 0.19) and the
lower average Ba/Eu values (271.81) (Fig. 12B) ranging from
(106.54–534.69) suggest that the positive Eu anomalies in the coals are
not caused by such a Ba interference (Bau et al., 2010; Dai et al., 2016;
Loges et al., 2012). The Panyi, Xieqiao, Xinji, Zhuji, and Zhuji Xi coals
show negative Y anomalies (Fig. 11A–J), the coals containing
Fig. 9. Vertical distribution of REY (µg/g) in the Huainan coalﬁeld; (A) Panyi coals, (B) Xieqiao, (C) Xinji, (D) Zhuji, and (E) Zhuji Xi coals.
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terrigenous materials derived from the high Ti basalts in the Kangdian
Upland and high-Ti basaltic volcanic ashes in southwestern China
generally, show negative or very weak negative Y anomalies (Dai et al.,
2014c; Göb et al., 2013; Wang et al., 2016b). Thus, the studied coals
might be attributed to the terrigenous materials derived from basalts.
While PY-6-2, XJ-13-5, XJ-13-3, XJ-13-1, XJ-8-1, and ZX-4-1 samples
show positive Y anomalies (Fig. 11A–J), indicating the inﬁltration of
hydrothermal solutions that could cause such positive Y anomalies in
the coals (Dai et al., 2017b, 2016). In term of the relationship between
(Eu/Eu∗ and Y/Ho; Fig. 13A), the Huainan coals are divided into three
groups. Group 1, samples from Panyi, Xieqiao, Xinji, and Zhuji coals
have Y/Ho < 30 and Eu/Eu∗ < 1, indicating that the anomalies of Eu
were mainly inherited from the felsic rock in the sediment source re-
gion. The detrital siliciclastic input in sedimentary rocks usually has a
Y/Ho ratio of 25–30, while that of seawater is 60–70 (Chen et al.,
2015a,b; Tian et al., 2011). Group 2, includes samples having Eu/
Fig. 10. Relationship between REY and ash yield; (A) Panyi coals, (B) Xieqiao, (C) Xinji, (D) Zhuji, (E) Zhuji Xi, and (F) Huainan coals.
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Fig. 11. REY distribution patterns for coal samples of the (A, B) Panyi, (C, D) Xieqiao, (E, F) Xinji, (G, H) Zhuji, and (I, J) Zhuji Xi coals of the Huainan coalﬁeld. REY concentrations are
normalized to the upper continental crust (Taylor and McLennan, 1985).
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Eu∗ < 1, but Y/Ho > 30 (Fig. 13A). Group 3, mainly from the Zhuji Xi
coals have Eu/Eu∗ > 1 and Y/Ho (60–70) (Fig. 13A).
The positive Eu anomalies in the coal are caused by the sediment
source region dominated by the maﬁc composition or due to the high-
temperature hydrothermal ﬂuids (temperature > 250 °C; Dai et al.
2016). The Huainan coals have clear negative Eu anomalies compared
to the upper continental crust (Fig. 11A–J), which is typical for the REY
geochemical characteristics of felsic magmatic rocks. The distinct ne-
gative Eu anomalies and M- and L-REY types observed in the Huainan
coals (Table 7; Fig. 11A–J) are similar to characteristics found in many
Permian coals from southwestern China, which are characterized by
weak Eu anomalies and by L- and M-REY enrichment types (Dai et al.,
2014a,b,c). The relationship between vitrinite random reﬂectance, Eu
anomalies, and volatile matter content of Panyi, Xieqiao, Xinji, Zhuji,
and Zhuji Xi coals are shown in Fig. 14. Results show that the
magnitude of the Eu anomalies slightly inﬂuenced with coal rank in the
studied coal (Fig. 14A,B), indicating the inﬂuence of high temperature
on the Huainan coals as reduction from Eu3+ to Eu2+ increased with
increasing temperature (Dai et al., 2016; Sun et al., 2012a; Uysal and
Golding, 2003).
5.3.3. Evaluation of rare metals in the Huainan coals and host rocks
The criteria for preliminary assessment of the REY in coal ashes as
economic raw materials (Dai et al., 2012a; Sun et al., 2014; Sun et al.,
2012b) includes the overall element composition and REY grade. A
number of factors that may be taken into account, such as the mineable
tonnage, environmental issues, extraction methods, resources of the
rare metals, and the modes of occurrence of rare metals in the coal and
coal combustion productions, and the relation between supply and
demand of rare metals (Dai et al., 2016; Sun et al., 2014). A
Fig. 12. Relationship between (A) HN and YN and (B) Ba and Eu in the Huainan Coalﬁeld samples.
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concentration≥ 1000 ppm of REY oxides (REO) in the ash is considered
as the cut-oﬀ grade for beneﬁcial recovery. Under certain conditions
REO≥ 1000 ppm, the REYdef, rel-Coutl graph, where REYdef, rel is the
percentage of critical elements in the total REY and the Coutl (outlook
coeﬃcient) is the ratio of the relative amount of critical REY in the total
REY to the relative amount of excessive REY (Seredin and Dai, 2012),
and is calculated by the following formula:
=
+ + + + +
+ + + +
C Nd Eu Tb Dy Er Y)/ΣREY
(Ce Ho Tm Yb Lu)/ΣREYoutl (4)
Coutl values< 0.7, 0.7–1.9,> 2.4 are considered as unpromising,
promising, and highly promising, respectively. Coutl value of each coal
seam of Panyi, Xieqiao, Xinji, Zhuji, and Zhuji Xi coals is given in the
(Table 6). Based on the relation between cut-oﬀ grade and Coutl (Dai
et al., 2017c; Dai and Finkelman, 2017b; Sun et al., 2014), the Panyi,
Xieqiao, Xinji, and Zhuji coals (1120.3 μg/g, 1287.6 μg/g, 1148.7 μg/g,
and 1025.1 μg/g REO on average) are higher than the cut-oﬀ grade, fall
within the promising area (all on ash basis, 815 °C; Fig. 15A), and thus
the coals have the potential to be a source of raw material for the re-
covery of rare earth yttrium (REY), except for the Zhuji Xi coals
(736.35 μg/g), most samples of the Zhuji Xi coal, roof, and ﬂoor strata
do not reach the cut-oﬀ grade and, thus cannot be considered as REY
raw material sources (Fig. 15B).
Fig. 13. Relationship between (A) Y/Ho− Eu/Eu* and (B) Gd/Gd*− Y/Ho in the Huainan coal.
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6. Conclusions
The bituminous coals from Huainan Coalﬁeld are characterized by
medium ash yields and low-medium total sulfur contents. The brackish
water-inﬂuenced Huainan coals show low Sr/Ba ratio (average 0.83;
0.23–2.58) and k-value (average 0.18; 0.09–0.28), except for Zhuji Xi
coals. The mineral assemblage of the studied coals is mainly dominated
by the occurrence of quartz, kaolinite, pyrite, and calcite, along with
trace amounts of montmorillonite, ankerite and anatase. The maceral
and mineral assemblages, ash yields, volatile matter, total sulfur con-
tents, Sr/Br ratio, and k-values of the individual samples vary sig-
niﬁcantly in the vertical direction in the studied Coalﬁeld. Compared to
the common Chinese coals, the Huainan coals are enriched in MnO,
MgO, Bi, Be, Cd, and Mo, and slightly enriched in Al2O3, K2O, Pb, Nb,
Sr, Ba, Ga, La, Pr, Sm, Dy, Er, and Yb suggesting a common terrigenous
source. While compared to average world coals, Bi, Cd, Ba, Ce, Pr, and
Sm are enriched in Xieqiao coals. Contents of Nd, Gd, Tb, Dy, Y, Ho, Er,
Tm, Yb, and Lu are enriched in Xinji coals, while Zhuji Xi coals have
higher content of Be, Pb, Nb, Sr, Mo, Ga, and Eu. The Huainan coals are
characterized by L- and M-type enrichment pattern, with strong positive
Gd anomalies and negative Eu, Y, and Ce anomalies. Correlation coef-
ﬁcient results show that Bi, Be, Mo, Nb, and Ga are hosted in the clay
minerals or mica, while Mo and Pb have a negative correlation with ash
yield, might be partially associated with organic matter. The REY ele-
ments in the Huainan coals have mixed aﬃnity, the LREY in the
Huainan coals is characterized by inorganic aﬃnity, while MREY and
HREY are characterized by both organic and inorganic aﬃnities. The
average REY oxides (REO) in the Panyi coal ash is (1120.3 μg/g), as
well as the ash of the Xieqiao coals (1287.6 μg/g), Xinji coals
(1148.7 μg/g), and Zhuji coals (1025.1 μg/g) are also rich in REY and
may be considered as promising sources of these rare earth metals,
except for the Zhuji Xi coals (736.35 μg/g). The results of this study
strongly indicate that the REYs, in the Panyi, Xieqiao, Xinji, and Zhuji
coals may have potentially signiﬁcant economic value for the recovery
of these rare elements during coal utilization.
Fig. 14. Relationship between volatile matter and Eu anomalies, as well as vitrinite random reﬂectance and Eu anomalies of (A) Panyi, Xieqiao, Xinji, Zhuji and (B) Zhuji Xi coals.
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Fig. 15. Evaluation of REY in coal ash from the (A) Panyi, Xieqiao, Xinji, and Zhuji coals, and (B) REY in coal ash and host rocks of Zhuji Xi coals.
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